Pyrobombus and Bombus s.s., but morphological characters from other studies suggest more distant relationships among Bombus s.s., Alpinobombus and Pyrobombus (Ito 1985; Williams 1985 Williams , 1994 Chen and Wang 1997 The disagreement over the taxonomic status and phylogenetic relationships of Pyrobombus is likely the result of an insufficient number of characters and incomplete taxon sampling. The most comprehensive molecular study of Bombus to date (Kawakita et al. 2004 ) included less than half of the known Pyrobombus species in their higher-level study. The principal goal of our investigation was to obtain a robust phylogeny of the species and intrasubgeneric groups within Pyrobombus. To this end, we analyse relationships among 36 of the 43 recognised Pyrobombus species and an additional four taxa of uncertain species status, using nucleotide sequences from four genes: mitochondrial 16S rRNA (16S) and three nuclear genes: elongation factor-1α F2 copy (EF-1α), long-wavelength rhodopsin (LW Rh or opsin) and arginine kinase (ArgK). We also examine the sister-group relationships to Pyrobombus, including all but two of the species of Bombus s.s. and Alpinobombus (Williams 1998) and several species of Melanobombus and other subgenera proposed as close relatives to Pyrobombus in prior studies. Additional new character information from DNA sequences and a near complete Pyrobombus species representation allows a more confident assessment of monophyly and provides additional synapomorphies to resolve the internal structure of the subgenus.
The second goal of our study was to assess the utility of nuclear genes for lower-level phylogenetic analysis. Maximising phylogenetic resolution requires selection of appropriate genes for the taxonomic level and divergence history of the group of interest. DNA sequences from mitochondrial and rRNA genes have been used extensively for analysis of both higher and lower-level relationships within insects, primarily because of their ease of amplification and the availability of universal primers (Simon et al. 1994 ). More recently, there has been greater emphasis on the use of nuclear protein-encoding genes for resolving deeper phylogenetic relationships within insects (Friedlander et al. 1992 (Friedlander et al. , 1994 (Friedlander et al. , 1996 Cho et al. 1995; Brower and DeSalle 1998; Mardulyn and Cameron 1999; Moulton and Wiegmann 2004) . Baker et al. (2001) and Lin and Danforth (2004) found nuclear genes to be more useful than mitochondrial genes for inferring insect relationships because they have less base composition bias, slower rates of nucleotide substitution, lower levels of homoplasy and contribute more to tree resolution. Although the use of nuclear genes has been advocated for assessing higher-level relationships, their utility at lower taxonomic levels has been less explored. In this study, we examine the utility of 16S and the three described nuclear genes for resolving relationships within species-groups and near relatives.
Materials and methods

Taxa examined
To assess intrasubgeneric and sister-group relationships of Pyrobombus, we analysed sequences from single exemplar specimens of 81 Bombus species (Table 1) . This included 36 of the 43 species of Pyrobombus recognised by Williams (1998) as well as four uncertain species: B. infrequens (Tkalců) and B. sonani (Frison) (until recently known from very few specimens and included within a broader concept of B. parthenius Richards), B. sylvicola Kirby (a Nearctic taxon possibly conspecific with the Old World B. lapponicus (Fabricius)) and B.wilmattae Say (questionably conspecific with B. ephippiatus Say). To assess nucleotide sequence variation within the widespread B. hypnorum (Linnaeus), we sequenced two individuals, one from China and another from Austria. The seven Pyrobombus species missing from the analysis include five species from central Asia (B. abnormis (Tkalců) , B. mirus (Tkalců) , B. parthenius, B. rotundiceps Friese and B. subtypicus (Skorikov)), B. sandersoni Franklin (eastern North America) and B. oceanicus Friese (northern Japan). We included an additional 41 species from 20 other Bombus subgenera, targeting groups thought to be near Pyrobombus based on previous studies. This includes six of 14 species of Melanobombus, all five species of Alpinobombus and eight of the 10 species of Bombus s.s. recognised by Williams (1998 
Gene selection
We sequenced fragments of four genes: 16S rRNA, opsin, EF-1α and ArgK. The mitochondrial 16S has been used to assess relationships to the ordinal level in insects (e.g. Yoshizawa and Johnson 2003) . Its high evolutionary rate, however, makes it potentially more reliable for lowerlevel phylogenetic analyses (Whitfield and Cameron 1998) . We used primers 16SWb (Dowton and Austin 1994) and 874-16SlR (Cameron et al. 1992 ) to obtain ~500 base pairs (bp) from 16S.
EF-1α is involved in the binding of charged tRNAs at the ribosome during translation. It has been used to infer relationships at multiple levels in insects (Cho et al. 1995; Rokas et al. 2002; Danforth et al. 2004; Lin and Danforth 2004) . Two copies of EF-1α occur in bees (Danforth and Ji 1998) . We obtained ~720 bp of the F2 copy, which includes an intron ~200 bp in length. This fragment was amplified with primers F2-ForH (5′-GGRCAYAGAGATTTCATCAAGAAC-3′) and F2-RevH2 (5′-TTGCAAAGCTTCRKGATGCATTT-3′), designed from sequences obtained using primers F2-rev1 (Danforth et al. 1999) and HaF2For1 (Sipes and Wolf 2001) . These primers partially overlap with those used by Kawakita et al. (2003) .
Long-wavelength rhodopsin is a member of a class of light-absorbing receptor proteins involved in colour vision in animals. It has been useful for resolving Cretaceous age divergences within Hymenoptera, including the families Cynipidae (Rokas et al. 2002) and Halictidae ) and for inferring relationships among the corbiculate bees (Apinae) (Mardulyn and Cameron 1999; Mardulyn 2001, 2003 ; Michel-Salzat and Whitfield 2004, although see Table 1 . Species examined and their collection localities, voucher numbers and GenBank accession numbers Sequences obtained from previous studies are indicated by letters after accession numbers and their localities are indicated in brackets. Numbers in parantheses refer to the number of base differences between sequences from this study and Kawakita et al. (2003) (Cameron and Williams 2003) . We used opsin primers developed by Mardulyn and Cameron (1999) to obtain ~680 bp, including two introns totaling 178 bp. Although opsin occurs in two copies in bees (Spaethe and Briscoe 2004) , only the LW Rh1 copy was amplified in this study. ArgK is a phosphogen kinase similar to the vertebrate creatine kinase. Collier (1990) found ArgK evolved more slowly and had lower heterozygosity than seven other proteins in Drosophila melanogaster. This gene was developed for Bombus by Kawakita et al. (2003) , thus some sequences were available from GenBank for this study. To generate ArgK sequences, we used the first of their two pairs of unlabelled primer sequences, from which we obtained ~860 bp containing an intron ~325 bp in length.
In addition to ArgK sequences, we obtained several EF-1α and opsin sequences from GenBank (shown in Table 1 ), submitted mostly by Kawakita et al. (2003) . We sequenced most of our taxa for EF-1α and confirmed that these taxa corresponded to the same species as those sequenced by Kawakita et al. (2003) by comparing base pair differences (Table 1 ) and constructing a phylogeny using Bayesian analysis. We renamed two of the species from GenBank based on their geographic distribution: B. parthenius from Taiwan was renamed B. sonani and B. nevadensis Cresson from the eastern United States was renamed B. auricomus (Robertson).
DNA extraction, amplification and sequencing
We extracted tissue from specimens preserved in 95-100% ethanol maintained at 4°C. Thoracic muscle was removed through a small opening cut into the pleuron, thereby keeping the specimens intact as vouchers. We used legs and mesosomal muscle to extract DNA from a few pinned specimens (B. luteipes Richards, B. biroi Vogt, B. haematurus Kriechbaumer) with a maximum age of 21 years (B. luteipes). Tissue was digested for four or more hours in proteinase K at 45-55°C. DNA was extracted using either a standard phenol-chloroform protocol or a QIAGEN DNeasy® Tissue Kit (QIAGEN, Valencia, CA, USA).
Standard conditions for PCR amplification were: initial denaturation for 3 min. at 94°C; 36 cycles of 60 s denaturation at 94°C, 60 s annealing at 48-60°C and 60 s elongation at 68 or 72°C; and a final extension for 5 min. at 72°C. Annealing/elongation temperatures for each gene were 48°C/68°C for 16S, 53-56°C/72°C for EF-1α, 57-60°C/72°C for opsin and 48-50°C/72°C for ArgK. We used Eppendorf MasterTaq ® or HotMaster™ Taq (Eppendorf, Westbury, NY, USA) polymerase for most reactions. Polymerase chain reaction products were purified primarily with the QIAGEN QIAquick ® PCR Purification Kit. ArgK primers often yielded extra, shorter fragments and the opsin and ArgK primers were prone to primer-dimers. In these cases, PCR products were purified by gel extraction using the QIAGEN QIAquick ® Gel Extraction Kit. We performed cycle-sequencing reactions on both forward and reverse strands using Applied Biosystems BigDye ® Terminator version 3.0 or version 3.1 (Applied Biosystems, Foster City, CA, USA) and PCR primers. Sequencing products were purified using either an ethanol precipitation and sequenced with an ABI 377 sequencer (Applied Biosystems; W. M. Keck Center for Comparative Genomics at the University of Illinois, Urbana, IL, USA) or were sent to the Keck Center for purification and direct sequencing on an ABI 3730XL sequencer (Applied Biosystems).
Alignment
We edited and aligned sequences in BioEdit version 5.0.9 (Hall 1999) and manually adjusted them. For 16S, all questionably aligned regions, including ~50 bp from four hypervariable AT-rich regions, were excluded from the analysis. All alignments were edited again after compilation to confirm rare base substitutions and assess EF-1α bases that differed from those reported by Kawakita et al. (2003) . Sequences are available in GenBank (accession numbers in Table 1 ).
Phylogenetic analyses
We analysed each gene separately and in combination, using Bayesian and maximum parsimony methods. Two taxa represented solely by 16S (B. luteipes, B. haematurus) were excluded from combined analyses because they were missing a substantial amount of data. For ArgK and EF-1α, each gap region was coded as a single character weighted equally to a base substitution using the simple coding method of Simmons and Ochoterena (2000) . All trees were rooted with the subgenus Mendacibombus Skorikov (B. mendax), which was indicated as the sister-group to the remaining Bombus subgenera by morphological (Williams 1985 (Williams , 1994 Ito 1985) and molecular data (Kawakita et al. 2003) .
Bayesian inference
Bayesian analyses were implemented in MrBayes version 3.0b4 (Ronquist and Huelsenbeck 2003) using models based on Akaike information criteria (AIC) in Modeltest (Posada and Crandall 1998) . Each gene was partitioned into exons, introns and gap characters when relevant. The models applied to each partition were: 16S (general time reversible (GTR) + proportion of invariable sites (I) + gamma distribution (Γ)), EF-1α intron (GTR+Γ), EF-1α exon (GTR+I+Γ), EF-1α gap characters (standard morphology), opsin intron (GTR), opsin exon (Hasegawa-Kishino-Yano (HKY) +Γ), ArgK intron (GTR+I), ArgK exon (GTR+I) and ArgK gap characters (standard morphology). Three independent Bayesian analyses were run for each gene. Two runs were performed with 2000000 generations and four chains, using flat priors and mixed models, saving trees every 100 generations; a third analysis was run for 1000000 generations, with all other variables as in the first two runs. We plotted log-likelihood values to examine the point at which they reached stationarity and discarded all trees before this point (burnin). Trees from the first 499900 generations (5000 trees), a conservative estimate of burn-in for all analyses, were removed from each run. Trees remaining after burn-in from all three runs converged on similar values and were combined for a total of 35003 trees for each gene. All genes and partitions were combined and run as a single analysis in MrBayes using 4000000 generations, eight chains, trees saved every 100 generations, flat priors, mixed models and a burn-in of 5000 trees. The combined analysis was run on an IBM p-series 690 supercomputer at the National Center for Supercomputing Applications (University of Illinois Urbana-Champaign, Champaign, IL). An additional analysis with 2000000 generations, four chains and a burn-in of 5000 trees resulted in the same tree topology. Clade support was estimated for each analysis using posterior probabilities calculated from Bayesian analyses.
Parsimony analyses
Strict consensus trees were constructed from analyses of individual genes and from all genes combined using parsimony criteria in PAUP* (Swofford 2001) . For the single-gene trees, heuristic searches were performed using 1000 random additions (RA) and TBR branch swapping, keeping a maximum of 500 trees per RA ≥ a tree length of 1. For all analyses except ArgK, 1000 random additions were performed without exceeding tree storage capabilities. ArgK was analysed saving a maximum of 75 trees per RA sequence for 1000 RA. The analysis of all genes combined was performed with 1000 RA and TBR branch swapping, employing no maximum tree limits. Clade support values for parsimony analyses were estimated using nonparametric bootstrapping calculated in PAUP* (1000 replicates, simple addition, ≤500 trees saved per replicate) and Bremer support values (Bremer 1988 ) calculated in TreeRot version 2 (Sorenson 1999) . To determine the congruence and combinability of individual gene datasets we performed incongruence length difference (ILD) tests (Farris et al. 1995) on gene pairs in PAUP* (100 replicates; heuristic search with 10 RA, TBR branch swapping, a maximum of 500 trees ≥ a tree length of 1 saved per RA) after removing uninformative characters.
Gene utility
To determine the contribution of each gene and intragene partition to the phylogeny based on the combined genes, we calculated partitioned Bremer support (PBS) (Baker and DeSalle 1997) for three partitioning levels (gene, intron/exon and codon position) using TreeRot version 2 (Sorenson 1999) . The PBS values for each partition were standardised by dividing by the minimum number of steps for that partition (PBS/min), as done by Baker et al. (2001) . This measures the contribution of each partition to the resulting tree topology relative to the amount of phylogenetic information (minimum steps) provided. PBS values also provide information on concordance among the partitions, with negative values for a partition indicating support for an alternative relationship to that supported by the combined dataset. Overall tree resolution provided by each gene was estimated by counting the total number of resolved nodes. Overall clade support was measured by counting the number of nodes with posterior probabilities 1) ≥0.75 and 2) ≥0.95 (Bayesian) and the number of nodes with bootstrap values 1) ≥50 and 2) ≥70 (parsimony). These support levels were chosen based on the suggested equivalency of a 70 bootstrap value to a 95% confidence interval by Hillis and Bull (1993) . Rates of nucleotide substitutions for each partition were compared using uncorrected pairwise distance ranges and the number of parsimony informative characters relative to the total number of characters (obtained in PAUP*). Coded gap characters were not included in the number and percent parsimony informative characters for each gene. Homoplasy in each gene was measured by the consistency index (CI) and retention index (RI) from the individual gene analyses. It was also calculated in a separate run for the each of the gap character partitions. Because high AT bias effectively reduces the number of character states available and thus can contribute to higher levels of homoplasy under similar substitution rates, the percentage of A+T nucleotides in each partition was calculated using base frequencies obtained in PAUP* or MacClade (Maddison and Maddison 2000) . This was done with the hypervariable regions included for 16S.
Results
Data characteristics
The EF-1α alignments contain few questionably aligned and, therefore, questionably gap-coded regions. 16S (excluding hypervariable indel regions) and opsin were easily aligned because they have no parsimony-informative gaps. ArgK, in spite of several long indels, was straightforward to align, with the exception of sequences for B. ignitus, which had a unique 30 bp region with alignment ambiguities and B. mendax Gerstaecker, B. confusus Schenck and B. auricomus, which contain long indels (such as a unique 325 bp region in B. auricomus) of uncertain alignment in the intron sequences. The unalignable regions were removed and treated as missing data (Kawakita et al. 2003) . There were 11 parsimony informative indels for ArgK and 19 for EF-1α. Of 2861 total characters in the combined analysis, 527 characters were parsimony informative, 114 belonging to 16S, 154 to EF-1α, 92 to opsin and 138 to ArgK (Table 2 ). There were 0-4 nucleotide differences between our EF-1α sequences for a given species and those reported by Kawakita et al. (2003) for the same species (Table 1) . In most cases, the same species from the two studies occur as sister taxa or as unresolved relative to other species (phylogeny not shown). Two species that are not resolved as sister taxa when comparing our sequences to those of Kawakita et al. (2003) are B. patagiatus Nylander and B. centralis Cresson, but this is based on only a few nucleotide differences (Table 1) . 
Tree resolution
The phylogenies based on the individual nuclear genes are relatively well resolved and well supported ( Fig. 1B-D ; single gene parsimony phylogenies not shown). For 16S, the Bayesian tree is unresolved at the basal nodes (Fig. 1A) . The 16S parsimony strict consensus tree is mostly resolved (tree not shown), but only 20 of the 64 nodes are supported with bootstrap values ≥50 (Table 2 ) and all support falls near the tips of the tree. Results from the ILD tests indicate no significant incongruence between the datasets (EF-1α v. opsin, P = 0.88; EF-1α v. ArgK, P = 0.97; opsin v. ArgK, P = 0.89; 16S v. ArgK, P = 0.17; 16S v. opsin = 0.64) when the P <0.01 significance level is used (Cunningham, 1997) , but when P <0.05 is used 16S and EF-1α (P = 0.04) are incongruent. Because 16S provides valuable information at the tips of the tree and its incongruence was not consistently or strongly supported, all four datasets were combined in analyses. The combined data from the four genes provide nearly completely resolved Bayesian (Fig. 2) and maximum parsimony (Fig. 3) phylogenies with many high clade support values among species (Table 2) . The strict consensus parsimony tree of the combined data is based on 16 most parsimonious trees; many fewer than the number of trees obtained from individual gene analyses (Table 2) (Fig. 1A, B, D) indicate that (B. bimaculatus+B. lapponicus)+B. monticola is supported only by 16S data and is contradicted by EF-1α and ArgK, which support a sister-group relationship between B. lapponicus and B. sylvicola. Bombus lapponicus and B. sylvicola are considered conspecific by Williams (1998) .
Subgeneric relationships and monophyly
Pyrobombus monophyly is supported by the individual nuclear-gene trees (EF-1α: posterior probability (PP) = 1.00, bootstrap (BV) = 90; opsin: PP = 0.99, BV = 54; ArgK: PP = 0.90, BV ≤50) and is strongly supported in the combined analyses (PP = 1.00 and BV = 99). The 16S parsimony tree (not shown) results in a Pyrobombus clade with several other subgenera contained within it. The 16S Bayesian tree (Fig. 1A) suggests paraphyly of Pyrobombus only through a poorly supported sister relationship with the Psithyrus clade.
The clade Bombus s.s.+Alpinobombus is a well supported monophyletic clade in the combined analyses (PP = 1.00, BV = 99). This clade is the sister-group to Pyrobombus in both the combined analyses and in each of the nuclear gene trees (EF-1α: PP = 1.00, BV = 95; opsin: PP = 1.00, BV = 70; ArgK: pp = 1.00, BV = 68). The monophyly of Bombus s.s. and Alpinobombus individually is also well supported (PP = 1.00/1.00, BV = 100/99, respectively). Melanobombus is monophyletic and more distantly related to Pyrobombus.
Specific and intraspecific relationships
Our Bayesian results show strong support (PP = 1.00) for six Pyrobombus species-groups: the flavifrons, lapponicus, ternarius, parthenius, hypnorum and pratorum-groups (Fig. 4) . Well supported higher groups include a clade comprising the hypnorum, pratorum and parthenius-groups (PP = 0.99, BV = 54) and a clade comprising the lapponicus and ternarius-groups (PP = 1.00, BV = 79). The partheniusgroup is only strongly supported by the Bayesian analysis.
Although B. ephippiatus and B. wilmattae were considered conspecific by Williams (1998) , they were resolved as (B. impatiens+B. wilmattae)+B. ephippiatus in this study. PBS values and tree topologies (Fig. 1A, C, D) reveal that B. impatiens+B. wilmattae is highly supported by 16S, but is contradicted by opsin (which supports B. ephippiatus+B. wilmattae) and ArgK (which supports B. impatiens+B. ephippiatus).
There are five nucleotide differences (0.7% pairwise distance) in EF-1α between B. hypnorum (subgenus Pyrobombus) from Europe and China and nine differences (1.8%) for 16S (Table 1 ). This is more intraspecific variation than found between all comparisons of EF-1α sequences of our specimens with those of Kawakita et al. (2003 Kawakita et al. ( , 2004 and is equal to the number of 16S bp differences observed between B. lucorum specimens from China and Europe. B. hypnorum from Austria and Italy are sister populations in the EF-1α Bayesian tree (phylogeny not shown), but B. hypnorum from China could not be resolved relative to the North American B. perplexus Cresson. For 16S, Chinese and European specimens of B. hypnorum are sister clades separate from B. perplexus (Fig. 1A) . The considerable genetic variability between Chinese and European specimens of B. hypnorum suggests that more than one species could be involved, although the possibility that this is a single widespread species with DNA variation must be considered.
Most of the phylogenetic structure within Bombus s.s. receives good support in the combined Bayesian phylogeny although many of these clades are not strongly supported with parsimony and are somewhat inconsistent between genes (Figs 1, 2, 3 
Gene utility
Gene utility statistics are given in Table 2 . 16S. 16S has the highest percentage of parsimony informative characters (24.7%) and the highest pairwise distances (≤0.123). It also has the highest level of homoplasy (RI = 0.560) and AT bias (78.6%), exceeding those of the nuclear genes and partitions. Although trees from 16S are equally resolved (Bayesian analysis) or more so (parsimony analysis) than those estimated from individual nuclear gene data, they have fewer well supported clades (e.g. 13 clades have BV ≥70, compared to 22, 21 and 18 for nuclear genes). 16S has a low PBS value (lower only in opsin) and the lowest PBS/min. although they comprise only 54% of the total characters. It is the most homoplasious of the nuclear genes (RI = 0.761) and, accordingly, the PBS/min value is the lowest among the three nuclear genes. Nonetheless, EF-1α results in the highest gene tree resolution of the nuclear genes using parsimony and contributes most to resolving the combined phylogeny (indicated by PBS). This is probably because it provides more total parsimony informative characters than any other gene. EF-1α is only slightly AT biased (58.5%). For all three nuclear genes, the AT bias is higher in the introns (X -= 72.6%) than the exons (X -= 53.8%).
Opsin. Opsin provides the least tree resolution of the nuclear genes and the lowest PBS value of all genes. Yet, the PBS/min for opsin is the second highest among the genes, probably because it has the lowest level of homoplasy (RI = 0.839). The highest percentage of parsimony informative characters and most of the contribution to the opsin phylogeny comes from the introns, which have the greatest PBS and PBS/min values within the gene. The percentage of parsimony informative characters for codon positions 1 and 2 is higher, both overall and relative to third codon positions, than for those of ArgK and EF-1α.
ArgK. Of the parsimony informative characters for ArgK, 71% are confined to the intron, which comprises only 43% of the total characters. ArgK exons are more conserved than those of the other nuclear genes, having only 7.5% parsimony informative characters and no informative characters in second codon positions. The overall substitution rate of ArgK, as measured by pairwise distance ranges (≤0.067) and percent parsimony informative characters (14.9%) falls between those of opsin (≤0.063, 13.5%) and EF-1α (≤0.095, 20.2%), as does the level of homoplasy (RI = 0.798). The Bayesian ArgK tree has the highest level of resolution of any of the gene trees. ArgK has PBS values lower only than EF-1α and contributes the highest PBS/min of all genes. Although the intron has more than twice the PBS value of the exon, the intron and exon (particularly third positions) provide nearly equal PBS/min.
Gap characters. (1995) relationships concordant with those of base-substitution characters, which make a much higher contribution to the combined phylogeny (indicated by PBS values). Gap characters also exhibited the lowest levels of homoplasy (RI = 0.890 for EF-1α, 0.968 for ArgK). Only two of eleven ArgK gap characters contained homoplasy. For EF-1α, 12 of 19 characters contained some homoplasy, but most of these also contained useful phylogenetic signal.
Discussion
Bombus relationships
Our investigation of Pyrobombus, which includes 84% of the recognised species, provides strong evidence for its monophyly. Melanobombus appears to be more distantly related to Pyrobombus, in contrast to previous studies by Plowright and Stephen (1973) , Pedersen (1996) and Koulianos and Schmid-Hempel (2000) . The non-monophyly of Pyrobombus in these earlier reports is likely the result of insufficient character and taxon representation given that other studies with larger taxon sampling by Pedersen (2002) and Kawakita et al. (2004) also recover monophyly. Historically, Pyrobombus has been loosely and inconsistently divided into natural 'groups' or 'complexes' using morphological (e.g. Franklin 1912; Frison 1923 Frison , 1927a Stephen 1957; Milliron 1971; Plowright and Stephen 1973; Tkalců 1974 Tkalců , 1989 Thorp et al. 1983; Williams 1991) , behavioural (Plowright and Stephen 1973) and enzyme mobility data (Scholl et al. 1988 (Scholl et al. , 1995 . Only Plowright and Stephen (1973) and Scholl et al. (1988 Scholl et al. ( , 1995 performed phylogenetic analyses to obtain species-groups. The six species groups supported by our data are compared with those of previous studies in Fig. 4 . Several authors have recognised the ternarius, lapponicus and flavifrons-groups, although not consistently by the same names and species contents. The placement of B. bimaculatus within the lapponicus-group with strong support is a result unique to this study. Scholl et al. (1988) and Thorp et al. (1983) did not distinguish members of the lapponicus-group from the pratorum-group using male genitalic characters, although Scholl et al. (1988) concluded they were distinct based on enzyme data. Frison (1927a) and Franklin (1912) linked members of the lapponicus-group to the ternarius-group, indicated also by our results. The parthenius-group was similarly recognised by Williams (1991) based on morphology, but he excluded B. picipes. The hypnorum and pratorumgroups have been least consistently classified in the literature (Fig. 4) , but the species contents of both groups receive good support in our study. The sister-group relationship between them, however, is not well supported, so we have classified them separately. Scholl et al. (1988) also united these two groups based on enzyme mobilities. With respect to the hypnorum-group, Williams (1991) noted the similarities between B. perplexus and B. hypnorum, but also found them difficult to place relative to other groups based on morphology. Kawakita et al. (2004) did not address intrasubgeneric taxonomic issues but we have assigned their taxa to speciesgroups based on their phylogeny to facilitate comparison between studies (Fig. 4) . The groups are largely consistent with our results, despite having approximately half the taxon representation.
We can reliably conclude, on the basis of our relatively thorough taxon sampling of several alleged sister-groups to Pyrobombus, that Bombus s.s. + Alpinobombus is the sister clade. All three of these subgenera include many coldadapted species and have a Holarctic distribution. Franklin (1954) noted four traits, which he considered convergent, that unite these groups: female-like corbiculae on the male hind tibiae; reduced 'claspers' of the male genitalia; short to average length of male antennal flagellae and an early seasonal lifecycle. Phylogenies constructed from morphological characters have not placed these three groups together, although Plowright and Stephen (1973) (Williams 1991: 184) . These taxa have been the subject of considerable investigation regarding their species status (e.g. Pekkarinen 1979; de Jonghe and Rasmont 1983; Scholl and Obrecht 1983; Pamilo et al. 1984; Rasmont 1984) . Our study expands the lucorumcomplex to include the conventional B. cryptarum+B. moderatus and B. lucorum s.s., along with B. affinis, B. terricola+B. occidentalis and B. patagiatus. The close relationship between B. cryptarum and B. moderatus, which has also been recovered using enzyme data (Scholl et al. 1990) , is especially interesting given the considerable geographic distance that separates B. cryptarum (Europe and western Asia) and B. moderatus (north-western Nearctic). With the uncertainty in identifying Asian members of the traditional lucorum-complex (Williams 1991) , it is possible that close relatives of these two taxa occur in eastern parts of Asia.
In the past 15 years, bumble bees have been reared on a large commercial scale for greenhouse pollination. B. impatiens (subgenus Pyrobombus) is reared in the United States and B. terrestris (subgenus Bombus s.s.) is reared in Europe. These make good species for commercial use because they are widely distributed, produce relatively large colonies, are efficient pollinators for numerous greenhouse crops and are easily reared in captivity. Our results reveal B. impatiens to be most closely related to B. ephippiatus and B. wilmattae. Bombus impatiens, which is widely distributed throughout the eastern United States and south-east Canada, is being imported for pollination purposes into the ranges of its sister species (northern Mexico to north-west South America -B. ephippiatus; Chiapas and Guatamala -B. wilmattae, Labougle 1990 ). Their close relationship may enhance interspecific competition, facilitate the spread of potential parasites carried by B. impatiens and could have negative implications if these species can interbreed (cf. Thorp 2003) . B. ephippiatus, which is widespread and biologically similar to B. impatiens, would be an excellent alternative species for commercial rearing within its native range in Mexico.
Gene utility
To generalise about the potential utility of these genes for resolving phylogenetic relationships at a given taxonomic level requires knowledge of the divergence times of Bombus. Reliable Bombus fossils dating to the Miocene (24-5 million years ago) have been discovered in Russia, China and Washington, USA (Zeuner and Manning 1976; Zhang 1990; Rasnitsyn and Michener 1991) . Eocene fossils recovered from Baltic amber (~44 million years old) did not contain Bombus (Engel 2001) and Oligocene (34-24 million years ago) fossils questionably belong to Bombus (Zeuner and Manning 1976) . This places the likely diversification of Bombus somewhere between 40 and 20 million years ago. The relatively rapid evolutionary rate of mitochondrial DNA suggests it should be useful for resolving relationships among the recently diverging bumble bees. In fact, the higher substitution rate of mt16S resulted in more character homoplasy, which made it difficult to resolve relationships deeper than close intrasubgeneric species-groups. Moreover, 16S supported several relationships that were inconsistent with the nuclear genes and subgeneric classification. The 16S fragment was smaller than those of the nuclear genes (~500 bp compared with ~680-860 bp), but adding a few hundred more base pairs would be unlikely to resolve problems with homoplasy in the deeper relationships. The nuclear gene, opsin, was rather conserved, providing the lowest PBS values to the combined phylogeny and the least parsimony informative characters across all genes. ArgK and EF-1α were the most useful genes, providing a good balance between character information and homoplasy at this lower level.
We found gap-coded characters of ArgK and EF-1α to exhibit relatively low levels of homoplasy and to be useful for resolving Bombus relationships, as demonstrated in Kawakita et al. (2003) . However, the introns of ArgK, which comprise a large portion of the fragment, were highly variable in length and difficult to align in certain regions for the earlier diverging subgenera Mendacibombus, Confusibombus Ball and Bombias Robertson, so the gaps may be less informative at suprageneric levels. ArgK exon regions evolved more slowly than either opsin or EF-1α and may be promising for resolving deeper phylogenetic relationships in insects.
